Gallium nitride (GaN) films were grown with and without lattice-matched (In,Ga)N buffer layers on the c(+) and c(-) faces of ZnO single-crystal substrates using molecular beam epitaxy, and their interface structures, including the relationship between the crystallinity of the GaN film and the polarity of the ZnO substrate, were investigated. Growth at a high temperature (e.g., 800°C) was made possible by using an (In,Ga)N buffer layer, which improved the crystallinity of the GaN films compared with that of GaN films grown directly on a ZnO substrate. Ion scattering, i.e., coaxial impact-collision ion scattering spectroscopy, and electron beam channeling, i.e., convergent beam electron diffraction, profiles revealed that the GaN films grown on c(+)and c(-)-ZnO substrates with an (In,Ga)N buffer layer had a (0001) surface (i.e., c(+) polarity). That is, polarity inversion occurs when GaN film is grown with an (In,Ga)N buffer layer on a c(-)-ZnO substrate.
Introduction
Light emitting diodes (LEDs) made of gallium nitride (GaN) related alloys (III-V nitrides) are now commercially available due to improvements in the growth techniques used for new process and efficient doping. 1)-4) Although lattice-matched substrates are essentially suitable for epitaxial growth of highquality single-crystal film, most commercial GaN-based diodes are prepared on sapphire (α-Al2O3) or silicon-carbide (SiC) substrates likely due their lower cost. Further improvement in the performance of GaN-related devices requires the use of a substrate more suitable for growing high-quality GaN films. Several trials of growing highly crystalline GaN films have been carried out using various substrates other than α-Al2O3 and SiC. 5)- 7) In the search for useful substrates for III-V nitride growth, zinc oxide (ZnO) was identified as a promising candidate as a latticematched substrate because GaN and ZnO have the same lattice symmetry, i.e., wurtzite, and their lattice constants are nearly the same. The lattice mismatch between GaN and ZnO on the c-plane is -1.9%, which is much less than that between GaN and α-Al2O3 on the c-plane (16%). Moreover, ZnO has novel emission properties: 8), 9) transparency to visible light 10), 11) and high electrical conductivity after doping. 12) , 13) The functions of GaN/ZnO heterostructures are also attracting attention, and these heterostructures have been studied theoretically 14) , 15) and experimentally 16) , 17) with the aim of using them to fabricate optoelectronic devices composed of GaN/ZnO heterojunctions. There have already been reports on blue-light emission in LED devices composed of n-type ZnO and p-type GaN. 18)-20) Improving the performance of such devices and developing new devices made from GaN/ZnO heterostructures require an understanding of the interfaciel structure at the GaN/ ZnO boundary. Unfortunately, there have been few reports on the interfaciel structure of GaN/ZnO heterostructures. 21) , 22) The crystalline polarity of GaN and ZnO is another important issue in the development of optoelectronic devices fabricated using GaN and ZnO. Since a wurtzite-type structure lacks inversion symmetry, GaN and ZnO are permanently polarized along the c-axis of their lattice and exhibit pyroelectricity and piezoelectricity. Such polarization in III-V nitride semiconductors affects the properties of LEDs 23) and transistors. 24) The crystalline polarity of ZnO strongly affects its chemical 25)-27) and physical 28) properties, which motivated us to investigate the polarity relationship at the GaN/ZnO interface.
The GaN films grown on ZnO substrates were prepared using molecular beam epitaxy (MBE) and investigated their interfaciel structures in terms of the crystalline polarity relationship between the GaN film and ZnO substrate. Also investigated was the effect of using a lattice-matched (In,Ga)N buffer layer at the GaN/ZnO interface on the crystallinity of the GaN film.
Experimental procedure
ZnO single crystals grown using the hydrothermal method were used as the substrate, and two crystalline orientations of the substrate were examined: (0001) Zn-face and (0001 -) O-face of ZnO. Hereafter, "GaN/c(+)-ZnO" and "GaN/c(-)-ZnO" represent GaN film deposited on the (0001) and (0001 -) faces, respectively, of ZnO. The orientations were determined using chemical etching with dilute hydrochloric-acid solution. 29) Prior to film growth, the substrates were thermally treated to obtain atomically flat surfaces with neither mechanical damage nor scratches caused by imperfect chemical-mechanical polishing. 26) During heat treatment, ZnO single crystals were fully covered by singlecrystalline Y-doped ZrO2 plates to prevent obvious evaporation of the Zn and contamination from the environment.
To examine the effect of using a lattice-matched buffer layer at the GaN/ZnO interface, two types of samples were prepared: GaN/ZnO structures prepared using direct deposition of a GaN layer on a ZnO substrate and GaN/InGaN/ZnO structures in which a lattice-matched (In,Ga)N buffer layer was inserted at the GaN/ZnO interface. Since the lattice parameters of (In1-xGax)N (x = 0.2) are close to those of ZnO, an (In0.2Ga0.8)N layer was used as the lattice-matched buffer layer. Both types of samples were prepared using MBE. A conventional Knudsen cell with a tantalum The 62th CerSJ Awards for Advancements in Ceramic Science and Technology: Review JCS-Japan crucible was used for evaporating the Ga (99.999999%) and In (99.9999%). The film surface was irradiated with a nitrogen radical beam to nitridate the evaporated Ga and In during deposition. Nitrogen radicals were generated with an RF (13.56 MHz) discharge cell. Pure nitrogen gas (99.9999%) was continuously introduced into the discharge cell, and the total pressure in the growth chamber was kept at 3.5-4.0 × 10 5 Torr. Film growth was initiated by exposing the ZnO surface simultaneously to incident Ga (Ga and In) and N flux; therefore, no pre-deposition treatment, such as nitridation and metallization of the substrate surface, was used. The GaN/ZnO structures were grown at 730°C. For the GaN/InGaN/ZnO structures, a 30-nm-thick (In0.2Ga0.8)N buffer layer was first grown at 550°C on a ZnO surface, and then a GaN layer was grown at 800°C on the (In,Ga)N layer. To prevent phase separation of the (In,Ga)N layer at this high temperature, Ga and N flux was supplied to the film surface when the substrate temperature was increased from 550 to 800°C. The total thickness of the GaN films with and without a buffer layer was set to ~500 nm.
The lattice orientation and crystallinity of the GaN films were determined by X-ray diffraction (XRD) (θ-2θ mode, ω-scan mode, pole figure, and reciprocal space mapping) and by selected area electron diffraction using transmission electron microscopy (TEM). The interdiffusion of Zn, Ga, In, O, and N during film growth was measured using an energy-dispersive X-ray spectroscope attached to the TEM apparatus. The polarities of the films were analyzed using coaxial impact-collision ion scattering spectroscopy (CAICISS). 30) The incident He + ion beam had an energy of 2 keV, and the focused beam spot size was less than 3 mm in diameter. The kinetic energy of the back-scattered ions was analyzed with a time-of-flight detector. The atomic arrangement in the topmost surface was determined by fitting the observed CAICISS spectra to that of ZnO single crystals. The convergent beam electron diffraction (CBED) technique, which is considered an appropriate way to determine the crystalline polarity of GaN crystals, 31) was used to investigate the polarity of the GaN films.
Results and discussion

Effects of substrate polarity and buffer layer on film structure
The GaN/c(+)-ZnO and GaN/c(-)-ZnO were highly c-axis oriented regardless of the presence of a lattice-matched (In,Ga)N buffer layer. The (0002) and (0004) diffraction peaks of GaN were observed as well as ZnO diffraction peaks in the XRD profiles for θ-2θ mode. Only six sharp spots corresponding to GaN (101 -1) diffraction were observed for the same in-plane orientation of ZnO (101 -1) diffraction in the X-ray pole figure patterns.
This indicates that the in-plane orientation of the GaN/c(+)-ZnO and GaN/c(-)-ZnO was locked and that no rotational domain formed in the films. The microstructure of the GaN films directly deposited on ZnO substrates were remarkably dependent on the substrate's polarity. Figure 1 shows cross-sectional TEM images of the GaN/ZnO structures. The GaN/c(+)-ZnO ( Fig. 1(a) ) had a rough surface and was composed of columnar grains 50-200 nm in radius. The GaN/c(-)-ZnO ( Fig. 1(b) ) had a smooth surface, and there were many threading dislocations parallel to the growth direction. It should be noted that the latter film peeled off the substrate during preparation of the sample for TEM observation. The threading dislocation density evident in the image shown in Fig. 1 (a) was less than in that shown in (b), and there are fringe patterns due to non-uniform internal stress. These results indicate that the stress due to lattice mismatch between GaN and ZnO relaxed depending on the polarity of the ZnO substrate. This substrate polarity dependence has also been found in InN/ZnO structures, 32) which is why the CAICISS spectra for the GaN layers in the GaN/InGaN/ZnO structures was examined in this study. of GaN on the c(-)-ZnO substrate was elongated due to restriction by the ZnO lattice in the interfaciel region and that the values of the lattice parameters approached those for bulk GaN as the film thickness increased. This is consistent with the TEM image shown in Fig. 1(b) , which shows that threading dislocations formed and reduced the stress caused by lattice mismatch.
These results clearly show that the manner in which internal stress due to lattice mismatch is relaxed depends on the polarity of the ZnO substrate. The results of the microstructure observation and crystallographic analysis are consistent for the GaN/ZnO structures without a buffer layer. The microstructures of the GaN/InGaN/ZnO structures are shown in Fig. 3 . The GaN films with a (In,Ga)N buffer layer had a relatively smooth surface regardless of the substrate's polarity, and the columnar grains found in the GaN/c(+)-ZnO structure ( Fig. 1(a) ) were not observed even in the GaN/InGaN/c(+)-ZnO structure using c(+)-ZnO as the substrate. These film structures with a (In,Ga)N layer were similar to GaN film directly grown on a c(-)-ZnO substrate. Moreover, the threading dislocation density in the GaN/InGaN/ZnO structures was clearly less than that in the GaN/c(-)-ZnO structure shown in Fig. 1(b) . In addition, these images show that the dislocations disappeared as the film thickened, although high dislocation density was found in the GaN layer in the interfaciel region, as shown in the inset of Fig. 3(b) . Thus, it is clear that the insertion of an (In,Ga)N buffer layer at the interface improved the crystallinity of the GaN layers, and the high dislocation density in the interface region may contribute to the relaxation of stress in this region.
As the TEM images for the GaN/InGaN/ZnO structures were similar to that for the GaN/c(-)-ZnO structure, the X-ray diffraction patterns for the GaN/InGaN/ZnO structures were similar to that for the GaN/c(-)-ZnO structure, regardless of the substrate's polarity. As shown in 
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It was also interesting that the presence of an intermediate layer between the ZnO substrate and the GaN layer was indicated in the diffraction profile, as marked by arrows in Fig. 4 . This suggests that an (In,Ga)N layer between the substrate and GaN film acts as a buffer layer that gradually relaxes the lattice mismatch between GaN and ZnO. As shown in the TEM image of Fig. 3(b) , the density of the dislocations in the interface region was high, and these dislocations may be the origin of the intermediate layer for which a trace was found in the X-ray diffraction profile.
It is also notable that the use of the (In,Ga)N buffer layer enabled the deposition of GaN films at a relatively high temperature, e.g., 800°C. The GaN layers were deposited directly on the ZnO substrate at T > 730°C, and they peeled off the substrate during and after deposition. This was the reason a relatively low temperature (T = 730°C) was used in depositing the GaN/ZnO structures. Insertion of the (In,Ga)N buffer layer improved the bonding strength between the GaN layer and ZnO substrate, and growing GaN at a relatively high temperature, e.g., 800°C, was possible when ZnO substrates were used with an (In,Ga)N buffer layer. The gradual relaxation of the stress due to lattice mismatch, as revealed by the XRD pattern in Fig. 4 , explains the high peeloff resistance of the GaN layers in the GaN/InGaN/ZnO structures. Therefore, insertion of an (In,Ga)N buffer layer is the key to obtaining highly crystalline GaN layers on ZnO substrates.
Polarity relationship of GaN/ZnO heterostructure
The polarity of the ZnO substrate also affected the crystalline polarity of the GaN layer. Fig. 5(c) ) and GaN/InGaN/c(-)-ZnO ( Fig. 5(d) ) structures were similar, and both were also similar to the spectrum obtained from the c(+)-ZnO surface ( Fig. 5(a) ).
These results indicate that GaN films deposited by applying an (In,Ga)N buffer layer have a (0001) surface (i.e., c(+) polarity) regardless of the ZnO substrate's polarity. In other words, polarity inversion occurs when GaN film is grown with an (In,Ga)N buffer layer on a c(-)-ZnO substrate. Although well-defined CAICISS spectra were obtained from the GaN surfaces of the GaN/InGaN/ZnO structures, the CAICISS spectra obtained from the GaN surfaces of the GaN/ZnO structures showed a poor signal/noise ratio, which was attributed to low crystallinity and/or surface roughness. A tilt of the GaN lattice from the ZnO lattice was observed, as were many threading dislocations in the GaN/ZnO structures, as shown in Figs. 1  and 2 . An attempt was made to determine the polarity of the GaN films in the GaN/ZnO structures by assuming a correlation between the microstructure and GaN film polarity. Previous reports on the crystalline polarity and microstructure of MOCVD-grown GaN layers, e.g., that by Sumiya et al., 33) were used to classify the GaN films into two types. One type is characterized by a columnar structure, and most of the films of this type had a (0001 -) surface (c(-) surface). The other type is characterized by single-crystal-like GaN layers with threading dislocations, and most of the films of this type had a (0001) surface (c(+) surface). The same relationship between crystalline polarity and microstructure was reported for MBE-grown GaN films. 36), 37) The two different growth modes were attributed to the crystal habit of a wurtzite-type lattice because the same relationship has been observed in ZnO film growth, and ZnO has the same crystal structure as GaN. 35 ), 38) The CAICISS results for the GaN/InGaN/ZnO structures are in agreement with this tendency. The GaN layers in the GaN/InGaN/ZnO structures were singlecrystal-like films with threading dislocations (not a columnar structure), as shown in Fig. 3 , and they had c(+) surfaces. This indicates that single-crystal-like GaN films with threading dislocations have a c(+) surface and that GaN films with columnar structures have a c(-) surface. If this is correct, GaN film grown directly on a c(+)-ZnO substrate, characterized by a columnar structure ( Fig. 1(a) ), has a c(-) surface, and GaN film grown directly on a c(-)-ZnO substrate, characterized by a microstructure 
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with threading dislocations (Fig. 1(b) ), has a c(+) surface. This suggests that polarity inversion occurred in the GaN/ZnO structures without buffer layers regardless of the substrate's polarity. The polarity relationships determined above are listed in Table 1 .
Polarity inversion mechanism
The results of the CAICISS analysis indicated that GaN layers with c(+) faces grew on a c(-)-ZnO substrate regardless of the presence of a buffer layer. This indicates that there should be a layer or slab (X-layer) causing polarity inversion, such as c(+)-GaN/X/c(-)-GaN/c(-)-ZnO or c(+)-GaN/X/c(-)-ZnO. The polarity inversion behavior was investigated in detail by observing the position dependence of CBED patterns along the growth direction of the GaN layer. Figure 6 shows a TEM image of the GaN/ InGaN/c(-)-ZnO structure and two typical CBED patterns obtained from regions A and B indicated in the image. The observed and theoretically calculated CBED patterns were compared. The simulations were carried out assuming that GaN film with a c(+) surface was grown on a substrate. The simulated and observed patterns were in good agreement, indicating that the GaN in both regions had the same polarity and thus had a c(+) surface. Although the CBED pattern was observed only along the growth direction, all CBED patterns obtained from the GaN/InGaN region showed patterns similar to those for regions A and B. This means that there was no polarity inversion in the nitride layer, such as c(+)-GaN/X/c(-)-GaN, in the samples. It is reasonable to assume that polarity inversion, such as c(+)-GaN/X/c(-)-ZnO, in the GaN/ InGaN/c(-)-ZnO structure occurred at the GaN/ZnO interface. Several groups have reported that Ga2O3 21),39) and/or ZnGa2O4 36) phases are easily formed at the GaN/ZnO interface. For example, Hong et al. 21) discussed polarity inversion such as c(-)-ZnO/ Ga2O3/c(+)-GaN. Thus, Ga2O3 phase may act as an X-layer and form c(+)-GaN/X/c(-)-ZnO structures.
However, the presence of a relatively thick interfaciel layer was not found in the GaN/InGaN/c(-)-ZnO structure. Fig. 7(b) , discontinuity of the periodicity was found in a particular layer indicated by the arrows to the left of the TEM image, and this layer may correspond to the interface between GaN (or InGaN) and ZnO. Assuming that the relatively dark spot in this image corresponds to relatively heavy elements (Zn, Ga, and In), the observed images suggest the presence of an extrinsic layer about a quarter the thickness of the c-parameter value of ZnO. This means that the observed polarity inversion occurred due to formation of this interfaciel layer. The same polarity inversion relationship and discontinuity of the periodicity were previously found in InN/ZnO heterostructures. 40) It   Table 1 . 
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was surprising to find that the interfaciel layer assumed to cause the polarity inversion was only a few atoms thick. The detailed structure of the assumed inversion layer could not be determined because TEM imaging does not provide sufficient information for constructing a model of the atomic arrangement at the interface. However, a possible model for explaining polarity inversion at the GaN/ZnO interface is based on the assumption that there is a structural similarity between the GaN/ZnO interface, shown in Fig. 7 , and the crystal structure of ZnO-based layered compounds. A structural element in a ZnO-based homologous structure, 41),42) e.g., In2O3(ZnO)6, is a candidate structure for explaining the polarity inversion. As shown in Fig. 8(a) , this homologous structure is composed of c(+)-ZnO layers, c(-)-ZnO layers, In2O3-like layers with octahedral coordination, and hexagonal boron-nitride (h-BN) like layers with planar coordination comprising In and O atoms, and these layers are alternatively stacked in the 0001 direction. In this crystal structure, the In2O3like layer is sandwiched between Zn-terminated ZnO layers, and the h-BN-like layer is sandwiched between O-terminated ZnO layers. The polarity inversion at a GaN/ZnO interface only a few atoms thick can be explained on the basis of the analogy between polarity inversion at the GaN/ZnO interface and a similar elemental structure in the homologous structure. As shown in Fig. 8(b) , the presence of the h-BN-like layer (Ga2O3 interfaciel layer) explains the c(+)-GaN/c(-)-ZnO structure, for which an h-BN-like layer can be assumed to be sandwiched between N-terminated (+)-GaN film and a O-terminated c(-)-ZnO substrate. In contrast, the presence of the In2O3-like layer (Ga2O3 interfaciel layer) at the GaN/ZnO interface explains the c(-)-GaN/c(+)-ZnO heterostructure, as shown in Fig. 8(c) , for which an octahedral In2O3-like layer can be assumed to be sandwiched between Gaterminated c(-)-GaN film and a Zn-terminated c(+)-ZnO substrate.
A GaN/ZnO heterostructure composed of a continuous wurtzitelattice boundary without polarity inversion was achieved only when c(+)-ZnO substrates with an (In,Ga)N buffer layer were used. The existence of an interfaciel layer, even a few atoms thick, was not observed at the c(+)-GaN/InGaN/c(+)-ZnO interface. The reason for the absence of the polarity inversion layer for these growth conditions is not clear. It is known that the polarity of GaN films strongly depends on various growth processes, such as substrate nitridation, and the growth temperature. 33) Understanding the polarity dependence of surface reactivity is probably the most important issue for understanding the formation of the inversion layer. Many studies have revealed a difference in chemical reactivity between c(+)-and c(-)-ZnO. For example, the chemical etching characteristics of ZnO 29) and the reactivity of ZnO with nitrogen radicals 27) depend on its crystalline polarity. Further study is required to clarify the formation of the polarity inversion layer and the mechanism of its formation in GaN/ZnO heterostructures.
Conclusion
GaN films were grown with and without lattice-matched (In,Ga)N buffer layers on the c(+) and c(-) faces of ZnO singlecrystal substrates using molecular beam epitaxy. The structure and lattice relaxation mechanism of the films were strongly dependent on the polarity of the substrate and on the use of an (In,Ga)N buffer layer. GaN film grown on a c(+)-ZnO substrate had a rough surface and was composed of columnar grains, and that grown on a c(-)-ZnO substrate had a smooth surface with many threading dislocations parallel to the growth direction. In contrast, GaN films grown with (In,Ga)N buffer layers on both c(+)-and c(-)-ZnO substrates had the same structure as that grown directly on a c(-)-ZnO substrate, i.e., a relatively smooth surface with many threading dislocations. The (In,Ga)N buffer layer enables the use of high-temperature growth and causes gradual relaxation of the lattice mismatch, resulting in improved film crystallinity. The grown GaN films, except for that grown with an (In,Ga)N buffer layer on a c(+)-ZnO substrate, had polarity opposite that of the substrate. This was due to the polarity inversion layer formed at the ZnO surface. We found that a GaN/ZnO heterostructure composed of a continuous wurtzite-lattice boundary without polarity inversion can be achieved by using a buffer layer and a c(+)-ZnO substrate. 
